There is convincing evidence that, in addition to improving their responses to natural predators, animals can also learn from their experience with human exploiters or man-made kill and capture devices. Despite its potential importance, the effect of improved defences to general exploitation (including human harvest) has received little attention so far. To address this void, and to link with practical considerations for management of exploited populations, we develop a general exploitation model with separate states for naive and educated individuals. We then evaluate and illustrate the relevance of acquired/improved defences for the dynamics of exploited populations and their management by applying the modeling framework to 2 management spheres with global scope, harvesting of wildlife populations, and control of invasive species. The strength of the predicted influence of educating prey on population and exploitation dynamics was positively affected by the intensity of exploitation and initial survival of naive individuals and negatively by the speed of life history of the target populations. We also demonstrate that the potential for response loss can lead to counterintuitive results with respect to effort and yield. Our model provides a framework for exploring adaptive behavior in the context of exploitation and for making both qualitative and quantitative predictions.
P redator-prey interactions are of considerable importance in ecology (Begon et al. 1990) , and it is apparent that their outcome is influenced by the participants' behavior. Although many behaviors involved in predator-prey interactions are acquired on an evolutionary timescale and are believed to be ''hard wired,'' there is persuasive evidence for individual learning by both predator (e.g., Morse 2000; Gibbons et al. 2005 ) and prey (reviewed by Griffin et al. 2000) . Prey, for example, can learn to recognize predators (Chivers et al. 1996; Mirza and Chivers 2000; Berger et al. 2001 ) and/or acquire avoidance or evasion responses (Griffin et al. 2000; Kelley and Magurran 2003) . At least in models, such adaptive behaviors can lead to stabilization of predator-prey systems (Ives and Dobson 1987) . The attention that trained antipredator responses have received in reintroduction projects (Griffin et al. 2000) and the growing interest in learned predator recognition when releasing hatchery-reared individuals in commercial fisheries (Mirza and Chivers 2000) attest to the practical importance of learned antipredator behavior in wildlife management and conservation.
In addition to learning to improve their responses to predators, prey can also become educated with respect to human exploitation. This aspect of adaptive behavior is less well documented but nonetheless prevalent. For example, firstgeneration toxicants for the control of pest and invasive species have been replaced by newer drugs and delivery systems, partially because of concerns over learned taste aversion after the ingestion of sublethal doses (Towns and Broome 2003) . Hunters and trappers perceive an increased difficulty with which some animals are harvested once they have been educated to hunters or a certain trap type. Finally, although different in terms of its outcome for the individuals targeted, capture responses (trap happiness or shyness) in capture-mark-recapture (CMR) studies are acquired as a consequence of previous experience with a capture method or tool (Pradel 1993) .
There is some theoretical work on the subject of learned predator avoidance (e.g., Dill 1973) , but despite the intuitive feedback between nonlethal effects of exploitation and exploitation rate, there is currently no treatment of the management effects of improved defences to general exploitation, including human harvest. To address this void, we incorporate improved defensive responses to exploitation into a basic harvest model. We then expand this model to a more mechanistic state-dependent population exploitation model, which provides the needed balance of realism and flexibility for wider application.
Finally, in order to evaluate and illustrate the relevance of improved defensive responses for the dynamics and management of exploited populations, we apply the modeling framework to 2 management spheres with global scope: harvesting of wildlife populations and control of invasive species. Hereafter, we use the term ''defences'' or ''defensive responses'' in a broad sense to include avoidance and evasion responses toward human and nonhuman predators, as well as inanimate capture and kill devices such as traps and poison bait. We use ''improved defences'' to signify a change in response through learning that increases the survival of the affected individual with respect to the threat at which the response is targeted. Additionally, we use the term ''exploiters,'' referring to both human and nonhuman predators.
MATERIALS AND METHODS

Model
We begin with a system of 2 equations, one for the change in the number of naive prey N i and one for educated (experienced) 
The total number of prey alive at any given time is the sum of the number of living naive and educated prey. Both naive and educated prey contribute to population growth via a constant fecundity f; all new recruits are naive, regardless of their parents' status. L represents the density-dependent effect on fecundity, with carrying capacity K, so that L ¼ 1 2 (N i 1 N e )/K (e.g., Williams et al. 2002) . Individuals can be killed with probability h by an exploiter or die due to other causes with probability d (Williams et al. 2002) . Naive and educated prey have separate exploitation mortality rates h i and h e , respectively. We assume that h is a function of exploitation pressure (e.g., number of active hunters, traps, or predators) and that h i . h e , which signifies the positive effect of improved defences on survival. Naive prey may become educated at a rate g, also a function of exploitation pressure, which we will define later. For simplicity, we assume instantaneous learning of a response that decreases mortality during subsequent encounters. This is not unrealistic; Maloney and McLean (1995) found that naive New Zealand robins (Petroica australis) learned to recognize invasive stoats as potential predators after just one training event. These authors pointed out the greater extinction risk posed by invasive predators that do not elicit learning of predator avoidance responses from a single encounter. Nonetheless, our model can be adjusted to account for a more gradual improvement in the response as a result of learning over multiple encounters.
Depending on the context, exploitation effort (e.g., the number of active hunters or traps) can be defined in various ways, such as 1. a constant (unchanging effort over time); 2. a time-dependent (and potentially prey dependent) variable; and 3. a Lotka-Volterra style transition equation for predators (Volterra 1926; Lotka 1932 ; Figure 1 ). To increase the model's utility, we need an explicit formulation of the link between exploitation effort and increased survival due to experience. First, we decompose the prey mortality rate h into an encounter and a survival component so that
with E being the probability of encountering at least one exploiter and S the probability of surviving that encounter. Next, we define E as
The term (1 2 P) H is based on the probability density function of the binomial distribution (reduced after the number of successes is set to 0) and represents the probability of encountering no exploiters when H exploiters are in the population (i.e., 0 successes out of H Bernoulli trials) and any individual exploiter is encountered with probability P. This approach assumes that the probability of encountering a predator increases with increasing number of predators in the system, but it does not differentiate between encountering 1 or more predators in a given time step. For small values of P, this is a reasonable approximation of the encounter probability as a function of the number of exploiters. Similarly, Luttbeg and Schmitz (2000) decomposed the probability of falling victim to predation into an encounter probability and conditional survival in one of their predator-prey models, but these authors modeled encounter probability as a step function of the number of predators. Our approach to linking encounter probability with exploitation pressure provides a more realistic, yet simple alternative, which should be equally useful for modeling inducible, not only improved defences. A further simplifying assumption is that prey do not ''compete'' for exploiters, that is, an exploiter remains dangerous to other prey regardless of whether it has already captured a prey in the current time step or not.
Incorporating Equation 3 into Equations 1 and 2 leads to
We note here that antipredator behavior can be divided into 2 main categories (Lima and Dill 1990) , namely, predator avoidance, which reduces the probability of encountering a predator, and response behaviors implemented when a predator has been encountered or detected. For our model, we chose to make the improvement of defensive response conditional on having survived an encounter with an exploiter. We also chose to have the improved defence increase the probability of surviving subsequent encounters. Although not an essential distinction for our purposes, it would have been The effect of survival of naive (S i ) and educated (S e ) prey on total harvest after seasons of fixed length and different levels of harvest effort (active hunters per day). The size of the bubbles corresponds to total harvest yield (a subset of values is provided along the diagonal, referencing points directly beneath) for a given combination of S i and S e . Data are only shown for the range of S i and S e values, where S e S i ; the diagonal (S e ¼ S i ) represents populations where experience does not result in an improved response. Initial population size was set at 1000, and the probability of encountering an individual hunter was 0.002. Vectors show the direction and relative strength of change from low to high harvest yield at each point in the matrix of S i /S e pairs. Harvest is assumed to take place outside of the recruitment period ( f ¼ 0) and is short enough for nonhunting deaths to be negligible (d ¼ 0). equally plausible to have the improved response affect the probability of encountering exploiters in the first place (i.e., avoidance) or to have a combined effect on the probability of encountering an exploiter and on the probability of surviving an encounter once it has occurred. Equations 5 and 6 assume that once an individual has obtained or improved a defensive behavior as a result of a previous encounter, the response (and associated elevated survival probability) remains unchanged over time. Nonetheless, there is empirical evidence that an individual can lose an acquired response over time (McLean et al. 1996; Brown and Smith 1998; Berejikian et al. 1999 ). We can model response loss by incorporating the probability m that an educated individual will lose the improvement in its defences if it does not encounter an exploiter (see also Figure 2 ):
where m(1 2 E )N e represents educated individuals that have lost the improvement in their response. Similarly, Luttbeg and Schmitz (2000) incorporated a ''rate of forgetting'' into their predator-prey model with flexible prey behavior.
Example scenarios
Next, we apply the model developed above to situations routinely faced by wildlife managers in order to illustrate the potential relevance of educated prey to the outcome of management actions. We use representative sets of population parameters and show model responses over a broad range of exploitation parameters (exploitation effort and encounter probability) and associated survival (S i and S e ) in order to allow for generalization of model predictions. Coding for model implementation was done in R 2.8.0 (R Development Core Team 2008). Differential equations were solved with the function lsoda in the odesolve package in R (Ellner and Guckenheimer 2008; Setzer 2008) .
Harvesting
Exploitation of wildlife populations for commercial gain, subsistence, and recreation has important consequences for wildlife and human populations alike and is one of the driving forces behind wildlife management. Consumptive use of wildlife is often limited by seasons or quotas or both, and it is within this framework of a managed harvest that we first explore the role of improved defences in exploited populations.
We assume a game population which at the beginning of the hunting season consists entirely of naive individuals. As the hunting season progresses, some individuals are harvested, whereas others escape attempted harvest and become educated in the process. This dynamic can be expressed by Equations 5 and 6. We assume that harvest occurs outside the reproductive season ( f ¼ 0) and is short enough for nonhunting deaths to be negligible (d ¼ 0). We explore the behavior of the model for different levels of exploitation effort over the full range of S i and S e values (where S i S e ) with The effect of survival of naive (S i ) and educated (S e ) prey on invasive species control for 2 levels of control effort (number of active control devices) and for populations with slower ( f ¼ 0.07, d ¼ 0.005) and faster life history ( f ¼ 0.13, d ¼ 0.02). The size of the gray bubbles corresponds to the number of days of continuous control required to achieve complete eradication (a subset of values is provided along the diagonal, referencing points directly beneath) for a given combination of S i and S e (empty bubbles 300 days and , 1000 days). Crosses indicate parameter settings at which the target can either not be achieved or requires 1000 days of continuous control. Data are only shown for the range of S i and S e values, where S e S i ; the diagonal (S e ¼ S i ) represents populations where experience does not result in an improved response. Contour lines have been added for required control duration of 50, 75, 100, 150, and 200 days (from bottom up) to help visually discern the relative strength of the effect of changes in S e and S i on the time required to achieve eradication. respect to the total harvest yield, given a fixed season length and constant effort over time.
Invasive species control
With increased globalization and associated anthropogenic introduction of nonnative and potentially invasive species, managers are now frequently faced with the task of devising and implementing control and eradication programs (Rodda et al. 1999; Towns and Broome 2003) . We explore the consequences of improved defences for invasive species control using as an example the common problem of introduced rodent populations on islands (Towns and Broome 2003; Howald et al. 2007 ).
Because r-selected species are generally believed to be better invaders, we selected sets of vital rates representative of populations at the ''fast''-end of the ''fast-slow'' continuum of life-history strategies (Gaillard et al. 1989 ). For purposes of illustration, we assume 2 different populations with sets of vital rates representative for tropical rodents with slower ( f ¼ 0.07, d ¼ 0.005) and faster ( f ¼ 0.13, d ¼ 0.02) life-history speed, although both can be considered r selected. The parameters used are within the range of values reported by Wirtz (1972) , Adler (1998) , and Stenseth et al. (2001) for tropical rodents (Central American spiny rat, Proechimys semispinosus; Polynesian rat, Rattus exulans; and multimammate rat, Mastomys natalensis; respectively). Because our model is not age or stage structured, we calculated f (interpreted here as the per-capita rate of recruitment of adults) as the product of reported adult fecundity and juvenile survival over the total number of days required to reach adulthood. We use daily rates for aforementioned parameters instead of more common monthly or annual ones in order to keep the probability of encountering a single capture device low, consistent with the requirements for Equation 4. To keep the focus on the role of differential survival of educated prey, we make several simplifying assumptions including geographic closure, lack of seasonality in fecundity and viability, and a female-only population. We assume that management wants to eradicate the population, which is to be achieved through poison bait stations (e.g., Thomas and Taylor 2002) set randomly throughout the island. We then use Equations 5 and 6 to determine the time required to achieve eradication given the parameter sets associated with the 2 life-history speeds mentioned above and different levels of control effort.
RESULTS
Harvesting
Not surprisingly, increasing survival of educated individuals results in reduced overall mortality. In the case of a hunting system regulated solely by season length (and assuming constant harvest effort), improved defences decrease the total harvest (Figure 3) . Correspondingly, in systems regulated by quotas, improved defences increase the number of days required to fill the quota. This effect is modified by survival of inexperienced individuals: as survival of inexperienced individuals increases so does the negative effect of S e on mortality due to the growing number of individuals that survive an encounter, become educated, and consequently enjoy greater survival during subsequent encounters. Greater effort (e.g., number of active hunters per day) results in greater yield but also in an increase in the proportion of individuals that are educated; thus, there is a positive relationship between harvest effort and the effect of changes in S e on harvest yield. Overall, the effects of educated prey are mild for most of the parameter space and given harvest rates that are intended to be sustainable.
Invasive species control
Elevated survival due to experience with a control tool has the potential to dramatically increase the time required to extirpate or substantially reduce a population of invasives and can even prevent extinction (Figure 4) . Effects of educating the population are strong even when the probability with which individuals survive an initial encounter is relatively low (Figures 4 and 5) . In our example (Figure 5 ), it will take 46 days to reduce the population to 5% of its original size in the absence of improved defences and 100% effectiveness of the control tool (0% chance of surviving an encounter). If individuals have an average probability of 0.1 of surviving an encounter with a bait station, but do not learn from their past experience (e.g., if microencapsulation of the poison leads to delayed symptoms of poisoning which prevents the formation of learned aversion; Cowan et al. 1994) , it would take 56 days to reach the target population level. If, however, individuals that survived an encounter with the poison develop a taste aversion to the bait and have a probability of only 0.2 of ingesting a lethal dose of poison when encountering traps in the future, the time to reach the target population size increases to 148 days. For the parameter space explored, the negative effect of S e (relative to the effect of S i ) on the time required to reach a desired population reduction increases with 1) increasing survival of naive individuals, 2) increasing effort (i.e., number of active control devices), and 3) with a shift toward slower life histories (Figure 4) .
By definition, response loss facilitates a reduction in educated prey and consequently increases average vulnerability. 
Figure 5
Population size over time of a hypothetical invasive species subjected to a control campaign with poison bait stations. Black arrows mark the times required to reach the target population level (5% of the original population) given (A) all individuals that encounter a poison bait station die, (B) 10% of individuals that encounter a bait station and ingest poison bait survive but do not develop a taste aversion, and (C) individuals that survive an encounter develop a taste aversion and have a probability of 0.2 of ingesting a lethal dose of poison in subsequent encounters. Initial population size is set at 1000, daily per-capita recruitment is 0.07, and the daily death rate due to causes other than control is 0.005. The probability of encountering an individual bait station on a given day is 0.005, and there are 50 bait stations active throughout the control period.
Increasing exploitation pressure results not only in greater encounter rates with the potential for a kill/capture but also in 1) greater number of naive individuals that become educated and 2) lower number of educated individuals that lose their response. It is conceivable that this dynamic can lead to a reduction in total captures over a given time frame as capture effort increases if the benefits of higher encounter rates are outweighed by the cost of maintaining a higher proportion of educated prey in the population. We found that at high survival of educated individuals, exceeding a certain threshold of effort can indeed result in an increase in the time required to reach target population size (Figure 6 ).
DISCUSSION
It is apparent that in addition to the typical factors influencing population dynamics, systems with improved defences have an added level of complexity, at the core of which lies the triangular relationship between 1) capture effort (e.g., exploiter density or exploiter activity), 2) the rate at which individuals in the population become educated (e.g., reflecting exploiter activity and efficiency), and 3) differential prey survival. With typical harvest rates, that is, rates that are not intended to cause the quick extinction or severe reduction of the population, the effects of improved defences on yield or the time required to reach a quota are relatively mild, although they increase with the proportion of individuals that survive an initial encounter and become educated. The pattern that emerges is one of greater importance of changes in survival of naive individuals than educated individuals. This is intuitive, given that individuals first have to become educated before they can enjoy the benefits of an improved response. More complex dynamics may be expected over multiple hunting seasons and with long-lived species, which could be the subject of future studies.
At high harvest rates, such as those intended for invasive species control or eradication, the effects of educated prey become more noticeable and from a practical standpoint more relevant. Even with a relatively low rate of education to a control tool, the effect on the time it takes to reach a target population size can be dramatic. As mentioned earlier, the importance of educated prey for invasive species control (i.e., acquired taste aversion) has long been recognized and was one of the motivators behind the replacement of first-generation toxicants with newer toxicant and application systems (Towns and Broome 2003) . However, to our knowledge, the model described here is the first theoretical treatment of the subject and will allow others to explore the dynamics involved and, given real-life parameter estimates, predict the extent of the effect for specific systems.
An important prediction was that the effect of educating prey (relative to changes in survival of naive individuals) on the time required to reach a certain reduction in the target species was greater in populations with slower life histories. This is not surprising; with greater longevity, individuals will benefit longer from having been educated with respect to a type of exploiter, whereas educated individuals in population with fast-paced life histories have shorter average life span but higher output of (naive) recruits. In other words, populations with slow life histories have a longer population-level ''memory'' of learned responses to exploitation.
All else being equal, because of the reduced vulnerability of educated individuals, time to extinction can be expected to be greater in populations with the potential for defence improvement than in populations without. Interestingly, optimal control effort (e.g., bait station density)-in terms of the time required until the population has been reduced to a desired level-may not always be the highest affordable capture effort but rather a capture effort that is somewhat lower. We demonstrated this seemingly counterintuitive effect in theoretical systems where response loss is possible because for certain parameter values, the benefits of increased control effort are outweighed by the cost of turning naive individuals into 
Figure 6
Graph demonstrating that at high survival (S e ) of educated individuals in a population of invasives (with the potential for response loss), increasing control effort can have the counterintuitive effect of increasing the time required to reach a desired population reduction. The effect of changing effort is shown for 2 levels (0.25 and 0.75) of the probability m that a response is lost if no control device is encountered. Target population size is set at 5% of the original population size (1000). The probability of encountering a single bait station is 0.01; inexperienced individuals survive an encounter with probability 0.5. Educated individuals have a reduced probability of ingesting a lethal dose of poison bait; 4 different S e values are shown to the right of the lines that they correspond to. Fecundity and the death rate due to causes other than poison control are set to 0.07 and 0.005, respectively. educated ones and meanwhile continuously reeducating (i.e., preventing response loss in) educated individuals. It remains to be seen whether this is of practical importance, but, as Brown et al. (1999) argued in their description of a model of fear-driven predator-prey dynamics, a reduction in the number of predators ''engenders less vigilant and more catchable prey.'' Given the potential for learned responses in invasive or pest species, one should strive to keep the proportion of the target population that is educated to a minimum by 1) ensuring the highest probability of success at the first encounter and 2) minimizing the possibility of formation of learned aversion, for example, by delaying the symptoms of poisoning. Increasing the reliability of a control tool is not only desirable from the perspective of efficiency; minimizing the escape/survival rate conditional on encountering a control device is essential in situations where it can lead to improved defensive responses. In the worst-case scenario, educating individuals can create and maintain an uncatchable segment in the population with respect to a given control tool (e.g., if S e ;1). Additionally, alterations of the temporal pattern of captures (e.g., punctuated vs. uniform effort to allow for response loss) and variation in the control tools applied may help offset the effects of educating the target species. Similarly, although in the context of evolved/induced responses rather than individual learning, Gardner et al. (1999) recommended control schedules of alternating high and low dosage to delay the onset of pesticide resistance in plants.
Our theoretical treatment of the potential role experience plays in the dynamics of exploited population was by no means exhaustive. We ignored many interesting aspects with potentially important implications, such as age-dependent ability to learn and produce an improved response (Mateo 1996; Hollen et al. 2008) , the possibility of social learning (Galef and Laland 2005) , and stochasticity in population dynamics, exploitation pressure, and individual vulnerability. Although our presentation focused on exploitation, the importance of acquired responses has also been recognized in CMR studies (Pradel 1993 ). An interesting aspect of CMR studies is the potential not only for learned avoidance but also learned affinity to capture. Capture responses require consideration during the modeling of CMR data (Pradel 1993) , and they may also have consequences for efficiency and economy of CMR studies.
Fitness trade-offs are a major component of the theory on inducible defences, which generally postulates that without costs, defensive traits will be fixed (Tollrian and Harvell 1999) . A focus on gains through individual learning and the assumption of no or negligible fitness costs sets our treatment of improved responses apart from that of inducible defences, as does the fact that the former may include learning to recognize and respond to novel stimuli (e.g., exotic predators). Nonetheless, fitness trade-offs can easily be incorporated into our model by using different vital rates (f and/or d in Equations 7 and 8) for naive and educated individuals. A reduction in fecundity or increase in natural mortality due to the implementation of a learned response to human exploitation may buffer population-level effects of educating prey.
Although more theoretical work remains to be done, most needed is empirical illumination of the role of educated prey in the dynamics of exploited populations to provide context and real-life parameter estimates. Such investigations should estimate the strength of the effect in natural populations and ultimately shed light on the inner workings of the relationship between exploitation pressure, prey ''education,'' and corresponding changes in the pattern of survival on the individual and population levels. 
